Abstract-The activity of the Georgia Institute of Technology in the development of the near-field measurement technique is reviewed. The work conducted during the years 1967-1973 is given primary importance, and the major near-field developments in the 1973-1980 time period are also briefly described.
Paris approached Scientific-Atlanta in his search for research support for his graduate student, the writer of this paper, in 1967. The topic of mutual interest was the theory and practical implementation of planar surface near-field measurements. Scientific-Atlanta provided a three-year research assistantship for the writer and donated a 100-in by 100-in planar scanner and associated manual position control unit to Georgia Tech. Over the course of the following three years, Hollis educated the writer in the state of the art in antenna measurement techniques including the pioneering work conducted at Scientific-Atlanta in near-field antenna measurements.
The planar scanner was assembled in the basement of the Electronics Research Building of the Georgia Tech Engineering Experiment Station. The basement floor had to be lowered by 4 ft to accomodate the 14-ft height of the scanner. This area of the basement was known as the "swimming pool" and was next to the area where development of the compact range was taking place. H. Allen Ecker, then Chief of the Radar Division of the Engineering Experiment Station (now called the Georgia Tech Research Institute), was also interested in nearfield measurement technology [ 101 and supported this effort, which included housing and instrumenting the range.
The writer determined that four key ingredients for modern near-field measurements were missing. The four were theory, near-field probe characterization, automation, and data processing. Scientific-Atlanta had previously provided two key ingredients: fast phase measurement apparatus in their Series 1750 Wide Range Phase/Amplitude Receiving System and an amplitude and phase stable scanner for positioning a near-field probe over a planar surface. The plane-wave spectrum theory of Booker and Clemmow [5] was chosen over the Kirchoff vector diffraction theory as the plane-wave spectrum theory allowed complete characterization of planar surface fields with knowledge of only the tangential components of the electric field. The scattering matrix approach of Kerns and Dayhoff [6] was used to compensate the plane-wave spectrum of the nearfield measurements for the plane-wave spectrum of the nearfield probe assuming no multiple scattering between the probe and the antenna under test. The writer restated the Kerns coupling equation in terms of band-limited spectra, and calculated bounds for the band-limiting process as a function of distance between the antenna under test and the measurement plane. The result was a near-field sample spacing requirement with an upper bound of one-half wavelength, decreasing with decreasing distance to the measurement plane Probe spectrum compensation required accurate knowledge of the plane wave spectrum of the near-field probe. This required an auxiliary measurement apparatus for the measurement of the far-field pattern of the near-field probe. Measurement of the amplitude and phase for both tangential components of the probe was required. Hollis and the writer designed and Scientific-Atlanta constructed a constant radius spherical positioning system. This system was installed within the School of Electrical Engineering at Georgia Tech in a small anechoic chamber, and probe characterization measurements were made. This system was initially called a twodimensional phase center range but is similar to the modernday spherical surface near-field range. The radius of this system was only 20 in. Accurate gain and polarization measurement of the near-field probe required development of an extension to the three antenna technique for gain measurement. The writer extended this technique for polarization measurement and showed that the polarization of each of three antennas can be determined from a set of six measurements of the three antennas taken two at a time but required that the phase as well as the amplitude be measured [9] . A special fixture was fabricated using components borrowed from Johnson to carry out this measurement.
The need for automation of near-field measurement systcms was obvious due to the large amount of two-dimensional nearfield data required. The minicomputer had recently been developed, but in 1968 was still quite expensive, and many analog-to-digital interface functions were not available as standard components. Thus, the initial near-field facility at Georgia Tech was largely under manual control. A system was devised to run the scanner continuously in one dimension at a constant power input setting. Microswitches at each end of the probe travel marked the end points with a voltage output which was recorded along with the analog amplitude and phase output voltages of the phaseiamplitude receiver. Theodolite measurements of the probe position versus time at the constant power input setting were graphed and loaded into the campus digital computer. These position-versus-time data were used to sample the near-field data, which were recorded on a frequency-modulated analog magnetic tape recorder in a continuous fashion, to determine the fields at equidistant points in space. This was repeated for each one-dimensional scan comprising the two-dimensional data set. The time required to make a two-dimensional two-polarization measurement was not long, however, amounting to about 8 h for a grid of 128 by 128 sample locations. The analog-to-digital conversion and rerecording on a digital tape, loading into the computer, and sampling required another 8 h if all went well. The near-field to far-field calculation required only 18 s.
Theodolite measurements of the planarity (z-coordinate of the x, y planar surface) of the measurement plane showed deviations of plus and minus 20 thousandths of an inch, which at the X-band frequency of this first system was thought to be unsuitable and would be even more unsuitable at higher frequencies. The writer developed a first-order "z-correction" position error compensation technique in which the
phase of the measured field was adjusted based on the measured position error at each measurement point under the assumption that all near-field energy was propagating in the direction of the main beam of the antenna under test. Digital processing of the near-field data was carried out on the campus Burroughs 5500 mainframe computcr. The writer applied many "new" digital communication algorithms to near-field measurement processing including the fast Fourier transform (FFT) for the calculation of the plane-wave spectrum and digital filtering algorithms for the calculation of sectors of the far-field pattern under the then common constraint of very limited computer memory size. He also developed an in-place zero-padding high-resolution twodimensional complex zero-centered FFT algorithm which produced "smooth" far-field patterns which were more acceptable to the antenna measurement community.
The writer carried out far-field measurements of three ncarfield probes including measurement of the polarization of the far-field range antenna. construction of two test antennas, near-field measurement of the two test antennas with each of the three near-field probes, z-corrected the near-field data, calculated far-field patterns of the test antennas and compared the calculations to far-field measurements made on the Georgia Tech 700-ft far-field range. He demonstrated the effects of probe compensation, the importance of correct nearfield sample spacing, the use of high resolution FFT algorithms, the use of probe position error compensation. the benefits of digital filtering of near-field data and showed good agreement in far-field pattern determination with the conventional far-field range measurements. This initial Georgia Tech near-field effort terminated in 1970. The writer stayed at Georgia Tech as a faculty member in the School of Electrical Engineering.
W. Marshall Leach, Jr., was Paris' next Ph.D. student and started work in 1970. Paris found interest and support for Leach's research in Robert M. Goodman's Sensor System Division of the Georgia Tech Engineering Experiment Station. Leach received a graduate research assistantship and office space near the near-field range. Paris and Leach were interested in extending the near-field measurement technique to other measurement surfaces. They were aware of the work underway at the Technical University of Denmark [ 1 I] in the development of the spherical surface and thus close to develop the cylindrical surface. Leach reformulated the near-field measurement problem, starting from the integral form of the Lorentz reciprocity equation rather than the modal expansion approach used by Kerns and Dayhoff for the planar system and Jensen for the spherical system. Leach's resulting coupling equation agreed with the one-dimensional solution (phi variation only) of Brown and Jull 1121 but was valid for both dimensions and thus allowed practical near-field measurements to be performed on cylindrical surfaces. The solution to the coupling equation was possible only under the restriction that multiple scattering between the antenna under test and the near-field probe could be ignored, similar to the restrictions of the Kerns and Dayhoff development for the planar case. Leach developed the algorithms to carry out the required near-field data processing and was able to use the FFT algorithm for the two major computational steps. He showed that the required probe compensation data could be obtained from spherical surface far-field measurements of the near-field probe using the Fourier transform coefficients of the spherical surface measurements. Leach also developed a sample spacing criterion for sampling the fields in phi assuming no evanescent energy present [ 131, [ 141.
Leach borrowed an azimuth turntable with a phase stable rotary joint from Hollis and placed it in front of the existing planar surface positioner which allowed the antenna under test to rotate in azimuth (phi). The planar positioning unit was used to move the probe vertically (cylindrical z). Thus the combined phi motion of the antenna under test and the z motion of the probe resulted in measurement on a constant radius cylinder about the antenna under test. Leach used the same analog near-field data recording, digitizing and sampling technique described earlier.
Leach constructed a slotted waveguide linear array as his antenna under test and performed near-field measurement of the antenna using the same three probes the writer had used. He calculated the far-field patterns of the antenna from the near-field measurements using his probe compensation algorithm and showed good agreement with the measured farfield patterns, which he performed on the Georgia Tech indoor phase center range. He concluded his dissertation work in 1972 and stayed at Georgia Tech as a faculty member in the School of Electrical Engineering.
The Army Missile Command, Redstone Arsenal, under the technical guidance of William G. Spaulding, sponsored a oneyear study from 1972 to 1973 to investigate the accuracy of the near-field measurement technique. The study was conducted by C. Patrick Burns, G. P. Rodrigue, N. C. Hightower, L. G.
McKee, F. T. Riherd, W. J. Storey, and the writer. The study involved automation of the near-field data collection process, documentation of existing near-field range equipment errors, computer simulation of the effects of the near-field errors on the accuracy of far-field pattern calculation, and a comparison of patterns calculated from near-field measurements to patterns measured on a far-field range. Burns headed the task of automating the near-field range, which involved building a multiported digital interface between the analog outputs of the phase/amplitude receiver and the three-phase servo position indicators and allowing the Data General Nova Minicomputer to control the position of the near-field probe and sampling of the near-field data. He also constructed a physically rugged 4-ft diameter, paraboloidal reflector antenna with a sum and difference monopulse feed to conduct this latter part. The antenna was designed and operated at 5.45 GHz. Burns measured the far-field patterns on the Georgia Tech far-field range and on the Scientific-Atlanta far-field range. Far-field pattern comparisons showed a high level of agreement among all the ranges and demonstrated the high level of accuracy of the near-field measurement technique. The computer simulation quantitatively showed the importance of probe positioning accuracy and receiver time constant on far-field pattern accuracy [ 151.
That accuracy study concluded in 1973, and marked the beginning of a rapid expansion of near-field measurement work at Georgia Tech. This early development period was later documented in two invited papers [16] The first accuracy study was followed in 1973-1975 by a second accuracy study specifically addressing the accuracy of far-field pattern calculation of phased-array antennas. There was particular concern over the higher levels of evanescent energy in phased arrays and the accommodation of beam steering using planar scanning. This work was again sponsored by the Army Missile Command, Redstone Arsenal, under the technical guidance of Spaulding. Ed Mills of the SAM-D project office, Tom Ligon of Raytheon Company, and K. Pendelton of the Naval Air Systems Command cooperated in the loan of the test phased-array antenna. The additional Georgia Tech people to carry out this investigation were G. K.
Huddleston and E. C. Burdette, who were joined by J. Hanfling from Raytheon Company. This study resulted in several advances in the near-field technique. The computer simulation of the effects of near-field measurement errors was greatly expanded particularly in the areas of probe positioning errors and in receiver and data multiplexing time constant errors. This analysis set bounds on near-field measurement speed for a given receiver bandwidth. A near-field substitution technique was developed for the measurement of absolute gain. Receiver compensation techniques were developed to correct known deterministic receiver errors and thus increase near-field measurement accuracy. Comparison of far-field patterns determined from near-field measurement to those measured on a far-field range demonstrated the accuracy of the near-field measurement technique in determining low sidelobe levels and in determining the boresight error of a phased-array antenna. The critical angle for near-field measurements as defined by NBS was empirically demonstrated for wide-angle beam-steered measurements. A near-field data multiplexing technique which allowed almost simultaneous measurement of several patterns or frequencies of an antenna was demonstrated. The multiplexing technique resulted in significant increase in antenna testing per unit time [18]-[20] .
A near-field workshop was held in 1975 at Georgia Tech at the conclusion of this second study with representatives from the SAM-D project office, the U.S. Navy Aegis project office, Army Missile Command, National Bureau of Standards, Scientific-Atlanta, Raytheon, Safeguard/Hardsite project office, General Electric, Teledyne Brown, Naval Research Laboratory, McDonnell Douglas, and Georgia Tech.
Some of the programs between the years of 1973 and 1980 are briefly reviewed. Rodrigue and Burns conducted a comparative cost analysis for near-field measurement facilities versus far-field ranges. The study identified cost components and showed the requirements that favored near-field measure-ment. It was shown that high accuracy favored near-field measurement systems [21] . Edwards, Ryan, Leach, and Storey developed and demonstrated a bistatic near-field radar cross section measurement technique in which a target under test is illuminated with a plane-wave produced by a compact range, and the resulting target scattering is measured on a planar surface near the target. They demonstrated that room scattering and direct leakage from the compact range to the near-field measurement plane could be measured without the target in place and then, by complex vector subtraction could be removed from the measurement with the target in place. They showed further that the response of any seeker antenna located at a distance greater than the measurement plane from the target could be determined from the near-field measurements and the far-field pattern of the seeker antenna [22] . Cain, Weaver, and Ryan demonstrated the usefulness of performing near-field measurements of antennas operated at out-of-band frequencies to determine both far-field and nearfield coupling to nearby antennas. This technique allowed accurate determination of interference levels among co-sited antennas at both in-band and out-of-band frequencies [23] . Huddleston, Rodrigue, Burns, Storey, and the writer conducted a study of near-field data handling and near-field probe design techniques [24] . One of the results of this study was a technique for determining the plane wave spectrum of a nearfield probe using a planar surface near-field range, thus eliminating the need for an auxiliary range for probe compensation. This technique was only possible, however, under the assumption of two identical near-field probes, one measuring the other, an assumption which clearly limits the assessment of accuracy. Bodnar later refined this technique using an iterative solution of the coupling equation [25] . Burns, Storey, Cain, and Hedges conducted an assessment of the applicability of near-field measurement techniques for use in the MALOR program. This program developed a computer simulation of a near-field measurement system for the MALOR requirement and suggested a design of such a system [26] . The program also reported on a technique for antenna testing based on nearfield measurements alone, thus not requiring far-field pattern computation. Ryan, Cown, and Weaver conducted a series of investigations into the near-field coupling of antennas with an obstacle placed between the antennas. They formulated the problem in terms of plane-wave spectrum descriptions of the antennas and scatterer and performed numerous near-field measurements of the antennas and scatterer to determine the plane-wave spectrum description of the antennas and planewave scattering matrix of the scatterer. This information allowed them to form a complete system description in which the coupling between the antennas could be predicted for any separation between the antennas and any placement of the scatterer [27]. Leach and An conducted a cylindrical wave study for NASA which, among other findings, showed that a cylindrical near-field range could be implemented in the field by using the azimuth positioner of the antenna under test and a field erected vertical near-field probe tower [28] . Such a system could be used to focus accurately a large paraboloidal reflector antenna.
Huddleston became Paris' next Ph.D. student, selecting optimization of near-field probe antennas as the research area. This work was supported in part by the Post-Doctoral Program under the direction of Jake Scherer of RADC. Huddleston related the size of the measurement area to the optimal size of a near-field measurement probe [29] . He showed that an infinitesimal dipole is the optimum near-field probe for the case when the whole infinite plane could be scanned. Larger probes were optimum for finite scan areas. He showed that near-field probes with size of approximately one wavelength by one wavelength were optimal in concentrating the energy within the measurement window and ignoring the unmeasured fields outside the measurement window. Huddleston demonstrated his finding through computer simulation and through measurements made on a 500-element phased array using different sized near-field probes. This advance of the state of the art allowed near-field measurements to be practical at the higher microwave and millimeter wave frequencies where the required probe position accuracy is difficult to achieve and expensive. He demonstrated this result using a 500-element phased-array as the antenna under test and synthesizing near-field probe position errors as large as one-half wavelength. He measured the nearfield of the phased array on five parallel planes separated by one-tenth wavelength. He then formed a single near-field data set choosing near-field data from each of the five sets of nearfield data to simulate probe position error. He showed that probe position error compensation was accurate for probe position errors up to one-half wavelength. [43] .
Georgia Tech continues to be interested and active in developing new antenna measurement technologies and refinements of the existing technologies including the near-field measurement technique. Georgia Tech has three near-field ranges, the original planar surface range at the Georgia Tech Research Institute, a spherical surface range in the School of Electrical Engineering, and a cylindrical near-field range also at the Georgia Tech Research Institute. The cylindrical range is presently being converted to a planar/cylindrical surface facility and employs laser interferometer probe-position measurement and mechanical compensation to achieve a planar accuracy of approximately one thousandth of an inch over a 6-ft by 14-ft area. This range also uses the latest technology Hewlett Packard 85 10B network analyzer, an analyzer developed in large part for use in near-field antenna measurement systems. Currently over 40 Georgia Tech professional staff work in the area of antenna and radar cross section measurement technology.
